Abstract Minimalist mechanistic nutrient uptake models based on the fundamentals of nutrient movement in the soil, nutrient uptake kinetics, and root growth and morphology, have become important tools for research. Because different approaches to solution may lead to different simulation results, it would be useful to evaluate the SSAND, and PCATS mechanistic models along with the very successful crop model NST 3.0 using common data sets and by conducting both one dimensional and multiple dimensional sensitivity analyses. The predictions of nutrient uptake by the three models using the same data set were diverse, indicating a need to reexamine model structure. Both types of sensitivity analyses suggested that the effect of soil moisture on simulation can be influential when nutrient concentration in the soil solution is low. One dimensional sensitivity analysis also revealed that I max negatively influenced estimates of nutrient uptake in the SSAND and PCATS models. Further analysis indicated that this phenomenon was also related to the low nutrient supplying ability typically found in forest soils. The predictions of SSAND under low-nutrient-supply scenarios are generally lower than these of NST 3.0. We suspect that both results are artifacts of the steady state models.
Introduction
Mechanistic nutrient uptake models are complex nonlinear models based on understanding derived from the disciplines of soil chemistry, soil physics, and plant physiology. Usually, these models consist of three basic components (Barber 1995) represented by a set of equations that describe: (i) solute movement in the soil toward plant roots using the continuity equation that expresses "the change in mass of a substance in a small volume over a small time" (Tinker and Nye 2000) ; (ii) nutrient uptake kinetics using the Michaelis-Menten equation; and (iii) nutrient uptake as a result of root growth and inter-root competition through the use of root growth and morphology parameters. The variables and definitions used in this paper are listed in Table 1 . According to Tinker and Nye (2000) , two major categories of models have evolved based on the way in which the continuity equation is solved; steady state and transient state. NST 3.0 is an example of a transient state model with a numerical solution, while SSAND and PCATS are steady state models.
Usually transient state models with a numerical solution are considered to be more accurate than steady state models, but there is much more flexibility of implementation with the latter (Smethurst and Comerford 1993b; Yanai 1994; Tinker and Nye 2000) . Because of the potential inaccuracies of steady state models, their results should always be compared with numerical simulations for similar combinations of parameters, as pointed out by Smethurst and Comerford (1993b) .
Research on crop species such as corn has demonstrated that the predictions of transient state mechanistic models utilizing a numerical solution generally match observed uptake under situations in which soil and plant conditions are relatively constant (Barber 1995) . However, results with woody species using both types of models have been more variable (Gillespie and Pope 1990; Van Rees et al. 1990; Smethurst and Comerford 1993a, b) .
Differences between NST 3.0, SSAND, and PCATS are not well understood in terms of predictive accuracy and model behavior. The basic equations and related assumptions are basically the same for all three models. Readers interested in a detailed discussion of underlying assumptions are referred to Barber (1995) and Tinker and Nye (2000) . The different methods used to solve the continuity equation used in the models may lead to different simulation results. NST 3.0 uses the numerical method, while SSAND and PCATS adopted a steady state approximation. In addition, the latter two models also contain additional code to support add-ons that perform additional functions not included in NST 3.0. The impacts of this additional code and the additional assumptions associated with each are unknown. Because no study has been conducted to compare the three models, it would be useful to evaluate the three models by comparing model predictions derived from common data sets on woody species to determine if one or more of the models is more suitable for use with woody species.
The objectives of this study are to: (i) compare the predictions of uptake by the NST 3.0, SSAND, and PCATS models for a suite of nutrients against experimentally measured values derived from studies of three woody species, (ii) compare the behavior of the three models using a one dimensional sensitivity analysis; and (iii) compare and contrast the behavior of NST 3.0 and SSAND using the multiple dimensional sensitivity analysis approach of Williams and Yanai (1996) . 
Materials and methods
Introduction to development of NST 3.0, SSAND, and PCATS
The modeling of nutrient uptake started in the early 1960s. Nye and Spiers (1964) developed the partial differential equations used to describe simultaneous mass flow and diffusion for nutrient uptake by a unit length of root. Nye and Marriott (1969) and Barber 1987) and NST 1.0 (Claassen et al. 1986 ) provided the transition of the Barber-Cushman model to the personal computer. Claassen and colleagues subsequently developed NST 2.0 and NST 3.0, the latter of which is available online for download from the website of the Department of Crop Sciences at Göttingen University (http://wwwuser. gwdg.de/∼uaac/) (N. Claassen 2009, personal communication) . NST 3.0 incorporates the Freundlich isotherm into the model so that the buffer power (b) changes as the nutrient concentration in soil solution changes (Claassen and Steingrobe 1999; Steingrobe et al. 2000) .
On the other hand, Baldwin et al. (1973) and Nye and Tinker (1977) solved the continuity equation proposed by Nye and Spiers (1964) with a steady state approximation and proposed the key equations for the concentration profile around the root, as well as the average concentration. Based on their work, Smethurst and Comerford (1993b) developed COMP8, an implementation of a steady state model which was able to simulate nutrient uptake between two competing and contrasting root systems. SSAND is a revision and expansion of COMP8 (Comerford et al. 2006) . It includes several new functions allowing simulation of nutrient uptake by roots under a variety of conditions such as mycorrhizal roots, fertilization, changing soil water content, nutrients from different soil horizons, and dynamic mineralization rates (Comerford et al. 2006) . PCATS shares similar principles with COMP8 and SSAND, but further simplifies the calculation by running on a fixed daily time-step (Smethurst et al. 2004) . PCATS is also able to simulate nutrient uptake by mycorrhizae and uptake influenced by fertilization (Smethurst et al. 2004 ).
Data used for comparison of NST 3.0, SSAND, and PCATS The data used for this analysis were taken from three previously published studies. Two sets of data on potassium and phosphorus uptake by 1-0 loblolly pine (Pinus taeda) seedlings growing in a modified A horizon soil (Lily series) for 180 days were taken from the study by Kelly et al. (1992) ( Table 2 ). Two sets of data on potassium and nitrate uptake by1-year-old red maple (Acer rubum) seedlings grown in the Cove Mountain soil were taken from the study by Kelly et al. (2001) (Table 2) . Uptake of nitrate, phosphorus, and potassium by hybrid poplar (Populus sp.) cuttings was studied for either 30 or 105 days by Kelly and Ericsson (2003) using a steady state technique to assure maximal relative growth rate at three addition rates of 17-6-12 fertilizer equivalent to 0, 75, and 150 kg ha −1 of nitrogen. Nine data sets were taken from this study (Table 3) .
Data transformation
Because all data sets obtained from the studies of Kelly et al. (1992) , Kelly et al. (2001) , and Kelly and Ericsson (2003) were developed for use with the NUTRIENT UPTAKE model, and the inputs for NST 3.0, SSAND, and PCATS differ in some ways from those used for NUTRIENT UPTAKE, data transformations were required. Only important transformations are covered here. Unlike the NUTRIENT UPTAKE model which uses a fixed value of buffer power (b), all three models allow users to input parameters to define a sorption equation so that b can be re-calculated as the nutrient concentration in the soil solution changes as plant uptake occurs. The isotherm equations for the three models were set as
where C represents nutrient concentration per unit soil volume, and C L represents nutrient concentration in soil solution. For SSAND, the adsorption and desorption isotherms were assumed to be the same.
The effective diffusion coefficient (D e ) is a function of buffer power (b), impedance factor (f), volumetric soil moisture (θ) and the diffusion coefficient of the nutrient in water (D L ).
Unlike NUTRIENT UPTAKE, D e is no longer an input parameter for NST 3.0, SSAND, and PCATS since the three models require users to define the sorption isotherm. The formulas used in our simulations for defining impedance factor (f) were first proposed by Kovar and Barber (1990) .
Both SSAND and PCATS require the user to input soil bulk density and soil volume. The soil volume was assigned as the pot size in the SSAND simulation. The fraction of soil volume that was occupied by roots, an input parameter for PCATS indicating the percentage of soil volume explored by roots, was assumed to be 1. The same assumptions were used in both SSAND and PCATS simulations in order to keep the input the same.
SSAND and PCATS require the input of root length density on a daily basis. Therefore, the root length density for the first day was calculated by dividing initial root length by soil volume. For subsequent days the root length density increases linearly with the step value equal to the root growth rate (cm day −1 ) divided by soil volume. The values for the parameters used in each model are listed in Tables 2 and 3 .
Methods of sensitivity analysis
Following the methodology developed by Silberbush and Barber (1983) , a one dimensional sensitivity analysis was conducted using the data of Kelly et al. Table 2 Parameter values for loblolly pine and red maple based on observations reported by Kelly et al. (1992 Kelly et al. ( , 2001 ) used for NST 3.0, SSAND and PCATS simulations Parameters Units Loblolly pine (Kelly et al. 1992) Red maple (Kelly et al. 2001 ) Parsons (1959) , and that of phosphorus from Edwards and Huffman (1959) e The values of f were calculated from θ using functions provided by Kovar and Barber (1990) Table 3 The values of D L for nitrate and potassium were taken from Parsons (1959) , and that of phosphorus from Edwards and Huffman (1959) e The values of f were calculated from θ using functions provided by Kovar and Barber (1990) Plant Soil (2010) 335:199-212 (1992) for potassium uptake by loblolly pine seedlings. Potassium was chosen to serve as the test case because it has been the most widely used and successfully simulated nutrient in many mechanistic modeling studies (Barber 1995; Comerford et al. 2006; Smethurst and Comerford 1993b) . Past successes with potassium are probably due in part to the simplicity of the potassium cycle in soils and a lower sensitivity to environmental changes, such as soil pH, when compared to nitrate and phosphorus. Each of the parameters was changed by a factor of 0.5, 0.75, 1.25, 1.5, or 2 times the original level while the remaining parameters were held constant. Claassen and Steingrobe (1999) suggested doing sensitivity analysis with the C Li and b combined. Since our preliminary study showed that such a combination changed the pattern of the sensitivity analysis only slightly, the sensitivity analyses were done using individual C Li and b values. Ten parameters were evaluated in the one dimensional sensitivity analysis of each model. Because SSAND and PCATS share similar principles in modeling and the response patterns in the one dimensional sensitivity analysis were similar, only SSAND and NST 3.0 were compared using the multiple dimensional sensitivity analysis. Three parameters, C Li , θ, and k were selected for the multiple dimensional sensitivity analysis based on the results of the one dimensional sensitivity analysis. The ranges of values for the three parameters were taken from the literature. Because the number of studies measuring model parameters of loblolly pine is limited, data on slash pine (Pinus elliottii var. elliottii) were included to build reasonably representative ranges of the three parameters. The values and sources of the data are listed in Tables 4, 5 and 6. Based on these values, the range for volumetric soil moisture (θ) was 0.06 to 0.4, the range for initial nutrient concentration in the soil solution (C Li ) was 0.028 µmol ml −1 to 8.54 µmol ml −1 , and the range for root growth rate (k) was 1 cm day −1 to 39.3 cm day −1 . Each of the three parameters was varied linearly at five levels across the range, giving 125 "observations" in the data sets for each of the two models. Using the obtained results, two graphical representations similar to those of Williams and Yanai (1996) were developed to show the relationship of the parameters and their influences on the simulations.
Results
Calculation of nutrient uptake using data taken from the literature Table 7 shows the observed nutrient uptake and simulated results from NST 3.0, SSAND, and PCATS for loblolly pine, red maple, and hybrid poplar. Five simulations of potassium uptake were run with each model. The prediction of uptake by hybrid poplar under the no fertilizer treatment was 125% and 83% of observed for NST 3.0 and PCATS, respectively. Four simulations of nitrate uptake were run with each model. PCATS predicted nitrate uptake by hybrid poplar in the three fertilizer treatments at 89%, 98%, and 85% of the observed. Red maple uptake of nitrate as described by PCATS was 61% of the observed uptake. Four simulations of phosphorus uptake were run with each model. SSAND and PCATS responded very similar and Slash pine, field study, soil depth measured: 0-10 cm 0.1-0.3 Smethurst et al. (1993) Slash pine, field study, soil depth measured: 10-26 cm 0.1-0.4 Smethurst et al. (1993) Slash pine, field study, soil depth measured: 26-50 cm 0.2-0.4 Smethurst et al. (1993) Slash pine, field study, soil depth measured: 50-70 cm 0.3-0.4 Smethurst et al. (1993) Slash pine, field study 0.17-0.23 Smethurst and Comerford (1993a) Loblolly pine, field study 0.15 Comerford et al. (2006) Loblolly pine, greenhouse study 0.062 Kelly et al. (1992) predicted 20% of the observed uptake in the loblolly pine study, and less than 1% of the observed uptake in the hybrid poplar study. On the other hand, the prediction by NST 3.0 of phosphorus uptake by hybrid poplar improved as the fertilizer addition increased and the best prediction (110% of the observed uptake) occurred with the highest fertilizer addition.
One dimensional sensitivity analysis using loblolly pine potassium uptake as the test case SSAND and PCATS produce similar patterns in the one dimensional sensitivity analysis. Therefore only the results of SSAND are presented (Fig. 1) . Volumetric soil moisture (θ) is the most influential parameter. The analysis also shows that both I max and C min have similar negative influences on uptake estimates by the two models. The one dimensional sensitivity analysis response of NST 3.0 is different (Fig. 2) . The influence of θ is not as prominent in NST 3.0 as it is in SSAND and PCATS. The uptake kinetics parameters (I max , K m , and C min ) have no influence on NST 3.0 simulations. Finally, NST 3.0 is the least sensitive model of the three to changes in parameter values.
Multiple dimensional sensitivity analysis using loblolly pine potassium uptake as the test case Figure 3 shows the relationship of simulated uptake to potassium concentration in the soil solution (C Li ), which increases along the x-axis of each graph for both models. Each graph shows the results at a fixed level of root growth rate (k). The y-axis shows the simulated uptake in µmol, while the x-axis covers the range of C Li values, and on each graph there are five different lines, one for each level of volumetric soil moisture (θ). Thus each line represents the change in total nutrient uptake at given θ and k, with increasing C Li . Each group of 5 graphs shows the results for a particular mechanistic model. The graphs are arranged such that k increases from the top row to the bottom. In general, uptake increases with C Li until it reaches its maximum at high C Li . Comparison of the five lines on each graph reveals that those with a higher θ exhibit a stronger response to increasing C Li before the simulated uptake reaches the maximum. Comparison of graphs in the same column shows the effect of changing k. At low k, the maximal simulated uptake is strongly reduced. The maximal simulated uptake of SSAND and NST 3.0 at each level of root growth rate (k) is similar, and increases proportionally as k increases. Figure 4 shows the relationship of the same parameters used in the multiple dimensional sensitivity analysis depicted in Fig. 3 in another way. In this case the x-axis covers the range in θ values and each graph represents a change in the C Li value. The graphs of simulated uptake at higher C Li values were not included in Fig. 4 because for each k, the simulated uptake patterns at the higher C Li were the same as Fig. 4d . The predicted uptake by SSAND was less than 1 µmol when C Li equals to 0.028 µmol ml −1 and θ equals to 0.06. When C Li is low (0.028 µmol ml
) and θ is higher than 0.06, SSAND produces lower estimates than NST 3.0 ( Fig. 4a and c) . When C Li is increased to 2.156 µmol ml −1
, the increase in θ did not lead to a substantial change in simulated uptake by NST 3.0 (Fig. 4d) , but the uptake simulated by SSAND was reduced at low θ values (Fig. 4b) .
Discussion
Calculation of nutrient uptake using data taken from the literature NST 3.0, SSAND, and PCATS produced diverse results using the same data (Table 7) . PCATS had the Table 7 Observed uptake of NO 3 −N, P, and K compared to simulated uptake as predicted by NST 3.0, SSAND, and PCATS using data from Kelly et al. (1992 Kelly et al. ( , 2001 , and Kelly and Ericsson (2003 Fig. 1 One dimensional sensitivity analysis using SSAND with potassium uptake data for loblolly pine seedlings from Kelly et al. (1992) and the diffusion coefficient of potassium in water at 25°C taken from the Parsons (1959) Fig. 2 One dimensional sensitivity analysis using NST 3.0 with potassium uptake data for loblolly pine seedlings from Kelly et al. (1992) and the diffusion coefficient of potassium in water at 25°C taken from the Parsons (1959) closest estimates to the observed uptake in the nitrate uptake simulation, while NST 3.0 performed better than the other two models in the phosphorus simulation. The performance of NST 3.0 in predicting phosphorus uptake was greatly improved when applied to situations with fertilization, and this was in accordance with the observation of Van Rees et al. (1990) that the Barber-Cushman model worked well in the tree nursery when fertilizers were added. Both SSAND and PCATS predicted phosphorus uptake of hybrid poplar to be less than 1 µmol, while the observed uptake ranges from 52 µmol to more than 1,000 µmol. Based on the results from our sensitivity analysis, the very low C Li values in the datasets (Table 3) are thought to be a major factor responsible for this phenomenon. No obvious differences in patterns were observed in the simulations of potassium uptake by the three models. In an earlier model comparison study, Van Rees et al. (1990) found that the simulated potassium uptake of the Baldwin-Nye-Tinker model was 5% higher than the Barber-Cushman model in a study conducted with slash pine seedlings. As successors of the Barber-Cushman and Baldwin-Nye-Tinker models, NST 3.0, SSAND, and PCATS produced results with a much lower level of agreement than observed by Van Rees et al. (1990) .
Although NST 3.0 and PCATS performed relatively well with some runs, there was not a general pattern in the relative performance of the models in predicting Fig. 3 Response surface from a multiple dimensional sensitivity analysis of SSAND and NST 3.0 using five levels of potassium concentration in the soil solution (C Li ), five levels of volumetric soil moisture (θ), and five levels of root growth rate (k). Other parameter values remained as listed in Table 2 for loblolly pine uptake of major nutrients in the three studies of coniferous and deciduous species. The fact that the best simulations of potassium uptake by NST 3.0 and PCATS occurred in the hybrid poplar study under the no fertilizer treatment contradicts the opinion that mechanistic nutrient uptake models work better under the conditions when soil supply of nutrients is abundant (Van Rees et al. 1990 ). The lack of estimates on mycorrhizal uptake of nutrients may be an important reason that most simulations underestimated nutrient uptake. But this alone cannot explain why NST 3.0 and PCATS performed well in some runs. Smethurst and Comerford (1993b) recommended that the COMP8 model be used in situations where sink strength of data sets is lower than 5, though the instruction manual for SSAND does not make such a recommendation. According to Smethurst and Comerford (1993b) , sink strength is represented by the following relationship, ar 0 D e b , where α is the root absorbing power and r 0 is root radius. For the loblolly pine study, the values of sink strength are 8.6 and 5.3 for K and P, respectively. But the values of sink strength for the rest of the studies are below 3. Thus sink strength alone cannot explain the diverse nutrient uptake estimates as well. Further experimental studies producing representative datasets that reflect both the soil and plant characteristics of woody species are needed to resolve this question.
One dimensional sensitivity analysis
The influence of volumetric soil moisture, as represented by θ, is a relatively new parameter in the model sensitivity analysis. In the three models, θ and buffer power b are parameters replacing D e , one of the most influential parameters identified by Williams and Yanai (1996) in their multiple dimensional sensitivity analysis. Most nutrient uptake studies using SSAND or NST 3.0 excluded θ in the sensitivity analysis (Sadana and Claassen 1999; Sadana and Claassen 2000; Gill et al. 2005; Comerford et al. 2006) . Our study and a few other studies (Smethurst and Comerford 1993b; Singh and Sadana 2002 ) that included θ in the sensitivity analysis indicated that θ was among the most influential parameters. While this not surprising in some respects, the important message is that closer attention needs to be given to soil moisture in both the design of studies intended to support future modeling efforts and points also to the need for better soil moisture data from field studies of plant nutrition.
The negative influence of I max on simulated results in the one dimensional sensitivity analysis of SSAND and PCATS is surprising. No similar reports have been found. According to the Michaelis-Menten uptake kinetics equation, nutrient influx into roots is Fig. 4 Response surface from a multiple dimensional sensitivity analysis of SSAND and NST 3.0 using two levels of potassium concentration in the soil solution (C Li ), five levels of volumetric soil moisture (θ), and five levels of root growth rate (k) with cm day −1 as the units. Other parameter values remained as listed in Table 2 for loblolly pine positively related to I max . We checked the partial derivative of the key equation of SSAND describing nutrient uptake within a time period (ΔU) (Equation 2 from Smethurst and Comerford 1993b) with respect to I max . The partial derivative is always positive, indicating that the function is monotonically increasing. That is, ΔU increases as I max increases. Since the total amount of nutrient uptake is obtained by summing ΔU at each time interval, the total amount of nutrient uptake calculated this way increases as I max increases. The structure of SSAND and PCATS is more complex. But this simple calculation indicates that the negative influence by I max may be an artifact of unknown origin in the development of SSAND and PCATS.
Among the three studies on nutrient uptake by woody species with a steady state model that included a sensitivity analysis, Smethurst and Comerford (1993b) and Comerford et al. (2006) found no negative influence of I max in COMP8 and SSAND simulations. Singh (2008) reported on the use of SSAND to simulate ammonium, nitrate, phosphorus, and potassium uptake by hybrid poplar growing on two soils. The slopes of the lines representing I max in the sensitivity analysis of ammonium uptake at the second harvest on both soils, and of potassium uptake in the second harvest on one of the soils, were slightly negative. Unfortunately Singh did not discuss this phenomenon and summarized parameter values regardless of soil type and harvests such that it is difficult to explore further with his data. Because the negative influence of I max in the Singh (2008) study was found at the second harvest when soil nutrients were depleted, and the most influential parameters in the one dimensional sensitivity analysis were related to soil properties in both Singh's and our study, we suspect that the uptake process was limited by soil supply of nutrients and the negative influence of I max is related to a limited supply of nutrients by the soil.
To explore this phenomenon, we examined the effects of I max on uptake simulation with hypothetical datasets. In these data sets, root growth rate was set at 39.3 cm day −1 , and volumetric soil moisture was set at 0.4 (see multiple dimensional sensitivity analysis), so that they were not limiting soil supply or plant uptake processes. The value of C Li was varied linearly at 5 levels, ranging from 0.028 to 8.54 µmol ml −1 . We assume the nutrient supply of the soil increases as C Li increases. I max values for potassium uptake by loblolly and slash pine taken from the literature (Van Rees et al. 1990; Kelly et al. 1992 Kelly et al. , 1995 range from 1.4E-6 to 3.65E-6 µmol cm −2 s −1
. Because the actual I max may be very different, five levels of I max , 1.4E-7, 1.4E-6, 3.65E-6, 1.4E-5, and 1.4E-4 µmol cm −2 s −1 , were used in order to get a comprehensive understanding of model behavior.
The results of this analysis are shown in Fig. 5 . When C Li was equal to 0.028 µmol ml −1 , uptake simulated by SSAND was substantially lower than that of NST 3.0 (Fig. 5a) . Also the pattern of simulated uptake by SSAND as I max increased shows a bell shape, compared to an exponential shaped curve by NST 3.0 (Fig. 5a ). When C Li was increased to 2.156 µmol ml −1 , both models had similar predictions and patterns before I max reached 1.4E-5 µmol cm −2 s −1 (Fig. 5b) . The prediction of NST 3.0 still increased as I max increased, while the prediction by SSAND dropped when I max increased from 1.4E-5 to 1.4E-4 µmol cm
. The patterns of model behavior under different levels of C Li higher than 4.284 µmol ml −1 were similar to Fig. 5c .
Under these conditions, the predictions of NST 3.0 and SSAND were close and increased as I max increased when I max ranged from 1.4E-7 to 1.4E-5 µmol cm
. The prediction of SSAND was lower than that of NST 3.0 when I max was equal to 1.4E-4 µmol cm −2 s −1 (Fig. 5c) .
Therefore, the behavior of SSAND is influenced by levels of C Li , which indicates the relative ability of the soil to supply nutrients in our model scenario. This supports our suspicion that the negative influence of I max is related to a limited nutrient supply by the soil. We also checked nutrient uptake per day as simulated by SSAND and NST 3.0. When the predictions by both models using the same data were substantially different, we found that the total uptake per day by SSAND leveled off before the simulation ended, while the NST 3.0 simulation continues to increases over time (Fig. 6) . When the total nutrient uptake simulated by SSAND ceased to increase, the nutrient concentration at the root surface (C L0 ) was equal to the nutrient concentration in solution below which net influx ceases (C min ). Therefore, the plateau in nutrient uptake predicted by SSAND was due to a more rapid depletion of nutrient in solution. This rapid nutrient depletion simulated by SSAND is largely responsible for the lower predictions of uptake than those produced by NST 3.0. Figure 6a also indicates that SSAND produces lower estimates than NST 3.0 before nutrients are depleted, and this will be discussed in the next section. One other point worthy of notice is that in one of the above simulations, nutrient uptake simulated by NST 3.0 kept increasing even when C L0 equaled C min . We suspect that this is an artifact in the NST 3.0 code.
Multiple dimensional sensitivity analysis
As indicated in the one dimensional sensitivity analysis, soil moisture (θ) is one of the most influential Fig. 5 Simulated potassium uptake by SSAND and NST 3.0 at five levels of maximal net nutrient influx at high nutrient concentrations (I max ) and three levels of potassium concentration in the soil solution (C Li ). For these simulations root growth rate and volumetric soil moisture have been set to 39.3 cm day −1 and 0.4 respectively. Other parameter values remained as listed in Table 2 for loblolly pine Fig. 6 Simulated potassium uptake against time by SSAND and NST 3.0 using data sets differing in values of maximal net nutrient influx at high nutrient concentrations (I max ) and potassium concentration in the soil solution (C Li ). Other parameter values remained as listed in Table 2 for loblolly pine parameters to NST 3.0, SSAND, and PCATS. But the multiple dimensional sensitivity analysis suggests that the influence of θ on the SSAND simulation is only valid when C Li is low (Figs. 3a-e, 4a and b) .
Because the mathematical precision of a transient state model with a numerical solution is potentially higher than a steady state model (Smethurst and Comerford 1993b; Smethurst et al. 2004) , the performance of SSAND can be evaluated by comparing its simulated results with those of NST 3.0 in our multiple dimensional sensitivity analysis. As shown in Figs. 3 and 4 , SSAND and NST 3.0 function similarly when nutrient concentration in soil solution is high, but the predicted uptake by SSAND is lower than that of NST 3.0 before the simulations reach their maximums. Given this underestimate, and the inability of SSAND to predict phosphorus uptake in the hybrid poplar study, it is suspected that SSAND is less able to predict uptake accurately when the supply of nutrients by the soil cannot meet the plant's needs as defined by the uptake kinetics parameters.
Conclusions
In summary, NST 3.0, SSAND, and PCATS differ both in predictive accuracy and model behavior. PCATS successfully predicted nitrate uptake, NST 3.0 predicted phosphorus uptake well, while SSAND consistently under predicted uptake of all nutrients tested. Results were also diverse, indicating the need to reconsider the assumptions and solutions of the two mechanistic model categories. The underestimates of many of the runs may be the result of running simulations without including the nutrient uptake by mycorrhizae. But this alone cannot explain some successful simulations. Therefore, further experimental studies that produce a diversity of representative datasets that can be used to evaluate the predictive accuracy of each model against observed values are needed for future model evaluations.
Both types of sensitivity analyses indicate that soil moisture (θ) plays an important role in uptake simulation when the nutrient concentration in the soil solution (C Li ) is low. This has not been noted in previous studies. Under low-nutrient-supply scenarios, I max can influence the predictions of SSAND and PCATS negatively. The fast depletion of nutrients from soil may be an important cause of the behavior of SSAND. Additionally, the uptake predictions of SSAND are generally lower than those of NST 3.0 when nutrient supply by soil is low. We suspect that the negative influence of I max and the lower estimates of SSAND are artifacts of the steady state models and further studies are needed to improve their ability to represent nutrient uptake under low-nutrient-supply scenarios and long growth periods.
In the process of soil exploration and nutrient uptake by plant roots, the influence of rhizospheric effects such as differences in rhizosphere pH and redox potential are important (Gillespie and Pope 1990; Marschner 1995) . The three mechanistic nutrient uptake models do not include routines to describe such subprocesses except for the effects of mycorrhizae. Because these effects are probably not negligible when the models are applied to longer growth periods and lower soil nutrient supply situations that are more typical of woody species, further studies to incorporate important rhizospheric effects other than mycorrhizae are suggested.
